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What mechanism generated the primordial baryon asymmetry of the Universe? 

Without integrating out the Higgs
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and scattering with the SM proceeds through the t-channel.
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3.4.1 ECM approximation

We want to compute the center of mass energy in the scattering

s
2 = ECM = EDM + ESM (3.10)

Here E =
p

m2 + a(T )2hpi2 for each particle, and the dark matter mass is time/temp dependent,

and a(T ) is the scale factor to account for red-shifting. To compute the average momentum
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if during kinetic equilibrium, and

where f(p, T ) = e
1/T

p
a(T )2p2 +m2 (3.14)

is the expression Hitoshi derived after kinetic decoupling. Note that again m = mDM(T ) or mf

respectively. Note that only fermions with mf < T contribute. And we have used the Fermi-Dirac

distribution.

So given that we want to find the condition for kinetic equilibrium, what we need is a way to

interpolate between regimes.
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B violation CP violation Out of equilibrium

Sphalerons new CP violation in quarks Cosmological phase transitions

Explicit B violation new CP violation in leptons out-of-equilibrium decays

Explicit L violation new CP violation in scalars chemical potential

Some other particle-number violation CP violation in a dark sector

TABLE I: BSM ingredients evoked to explain the BAU.

not be large to produce an asymmetry of O(10�10). If the model uses a first-order Electroweak phase transition, light
scalars, O(100 GeV) mass, which mixes with the Higgs boson are required.

II. NEW THEORY DEVELOPMENTS

Although the question of generating the BAU has been around for several decades, particle theorists are still coming
up with novel ways to address this mystery. While the vast majority of traditional baryogenesis models have involved
high-scale physics and hence are di�cult to probe experimentally. On the other hand many new BSM models produce
the BAU at low-scales and are therefore experimentally observable. Indeed many of these new and exciting models are
expected to produce signals at multiple experiments allowing for a multi-prong search for new physics. A necessarily
incomplete list of examples of these new models include baryogenesis via particle–antiparticle oscillations in the early
Universe [? ? ? ? ? ? ], Axiogenesis [? ], baryogenesis via late out-of-equilibrium decays of hidden sector gauginos [?
].

It is important to point out the under-explored avenues in our understanding of the BAU. For instance, could we be
missing any new kinds of CP violation, e.g. in the dark sector? Could there be new out-of-equilibrium mechanisms
beyond Electroweak phase transition, e.g. QCD phase transition?

III. EXPERIMENTAL CONNECTIONS

As one of the strongest implications for new physics beyond the SM, the question of explaining the BAU should
be integral to our experimental e↵orts within the high energy physics community. Furthermore the many parts of
the BSM physics requirements of this problem requires a multi-pronged experimental approach. Below we give some
examples of such experimental observables. However we emphasize that this categorization hides the cases where one
experiment can be probing multiple facets of the generation of the BAU.

B or L violation. There has been claims that sphaleron processes could be observed at a 100 TeV collider, although
this claim is not settled theoretically [? ] (note also that sphaleron transitions are non-perturbative processes and
require lattice calculations.) Explicit B and L violation could give rise to exotic decays at the LHC. Neutron-
antineutron oscillation experiments can shed light on �B = 2 processes, probing baryogenesis frameworks far beyond
the reach of high energy colliders [? ]. It is also worth pointing out that the possible existence of a lepton asymmetry
in the universe is not yet established. An indirect way of probing baryogenesis models is to experimentally search for
so-called washout processes (e.g. �L = 2 processes). Their observation at the LHC or neutrinoless double beta decay
[? ? ] can put high-scale baryogenesis models under tension.

CP violation. For certain EW baryogenesis models, new CP violation generates electric dipole moments (EDMs) for
fermions and can be constrained by, eg, electron EDM experiments [? ]. Measurement of the CP phase in the PMNS
matrix is important for certain leptogenesis models. There are BSM models that predict CP -violating observables at
the LHC or at B factories [? ? ? ? ].

Out of equilibrium processes. Models with cosmological phase transitions often have an extended Higgs sector and
this new physics can be searched for and constrained by collider experiments. Measuring the triple-Higgs coupling is
one of the main e↵orts to exclude classes of multi-Higgs models as an explanation of the BAU. The non-observation
of light stops already makes the MSSM incapable of producing this asymmetry. Observation of light scalars, often
a necessary condition of a cosmological first-order phase transition, does not, however, unambiguously prove that
such a phase transition occurred in the early universe. Such proof can be achieved by next generation, space-based
gravitational wave detectors [? ]. Alternative to a phase transition, many models use the out-of-equilibrium decay of
a long-lived particle. These new particles necessarily interact with the SM and decay to either SM quarks or leptons,
raising the prospect of producing and detecting them at particle colliders. Ongoing LLP searches at the LHC and
new detectors like FASER, MATHUSLA, CODEX-b, etc can be used to search for such new particles.

Given the wide range of new testable models that could explain the baryon asymmetry, we think that this topic is
important to include in a Snowmass white paper and has relevance for TE8, TE9, CF7, NF3, EF9, and RE4.

• Baryon number violation. 

• Conjugate rates must be different (CP violation). 

• Out of thermal equilibrium.

The Sakharov conditions:

Need to go Beyond the Standard Model (BSM)

Baryogenesis 

G. Elor



High vs Low Scale Baryogenesis
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• A concrete summary of the traditional options for generating the baryon 
asymmetry (generally not testable). 

• Overview of new proposals of baryogengesis - low scales.  

• Experimental connections.

Physics motivation for a white paper

Of particular relevance to RF-4: new mechanisms for low scale 
baryogengesis that can be searched for in B and L violating processes. 

G. Elor



Baryogenesis from B Mesons
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And now we can clearly compare the decay and annihi-
lation rates:
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(45)

where in the last step we have assumed that the � field
does not completely dominate the Universe so that we
can use t ⇠ 1/(2H). When solving numerically for �
number density we found that even with an annihila-
tion cross section of h�vi = 10 mb, the decay rate over-
comes the annihilation rate for T & 100 MeV even for
�� = 10�21 GeV. Thus, for practical purposes it is safe
to ignore the e↵ect of annihilations in the Boltzmann
equation (16).

3. Dark Cross Sections

Here we list the dark sector cross sections to lowest
order in velocity v that result from the interaction (5):
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4. B meson decay operators

Here we categorize the lightest final states for all the
quark combinations that allow for B mesons to decay into
a visible baryon plus dark matter. Note that the mass
di↵erence between final an initial state will give an upper
bound on the dark Dirac baryon  . In MeV units, the
masses of the di↵erent hadrons read: mBd = 5279.63,
mBs = 5366.89, mB+ = 5279.32, m�0

c
= 2471.87,

m
�

+
c

= 2468.96, mp = 938.27, mn = 939.56, m⇤ =
1115.68, m�+ = 1189.37, m�0 = 1314.86, m�c = 2695.2,
m⇤c = 2286.46 and m⇡� = 139.57. The corresponding
final state and mass di↵erences are summarized in Ta-
ble III.
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FIG. 1. Summary of our mechanism for generating the baryon asymmetry and DM relic abundance. b-quarks and anti-quarks
are produced during a late era in the history of the early Universe, namely TRH ⇠ O(10 MeV), and hadronize into charged and
neutral B-mesons. The neutral B0 and B̄0 mesons quickly undergo CPV oscillations before decaying out of thermal equilibrium
into visible baryons, dark sector scalar baryons � and dark Majorana fermions ⇠. Total Baryon number is conserved and the
dark sector therefore carries anti-baryon number. The mechanism requires of a positive leptonic asymmetry in B-meson decays
(Aq

``
), and the existence of a new decay of B-mesons into a baryon and missing energy. Both these observables are testable at

current and upcoming collider experiments.

We will show that the CPV required for Baryogenesis is
directly related to an experimental observable in neutral
B meson decays – the leptonic charge asymmetry A
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.
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from the parameters of the B
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related to the CPV in the system. Meanwhile, A

q

``
is

experimentally extracted from a combination of various
analysis of LHCb and B-factories by examining the asym-
metry in various B
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decays [4].

The SM predictions for A
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and A
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[15, 16] are re-

spectively a factor of 5 and 100 smaller than the cur-
rent constraints on the leptonic asymmetry. Therefore,
there is room for new physics to modify A

d, s
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. We will

see that since generating the baryon asymmetry in our
set-up requires a positive charge asymmetry, there is a
region of parameter space where we can get enough CPV
from the SM prediction (which is positive) of A

s
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alone

to get YB ⇠ 10�10 (provided A
d
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= 0). However, gener-

ically the rest of our parameter space will assume new
physics. Note that there are many BSM models that al-
low for a substantial enlargement of the leptonic asymme-
tries of both B

0

d
and B

0
s

systems over the SM values (see
e.g. [15, 17] and references therein). Note that the flavor-
ful models invoked to explain the recent B-anomalies also
induce sizable mixing in the Bs system (see e.g. [18–21]).

We summarize the key components of our set-up which
will be further elaborated upon in the following sections:

• A heavy scalar particle � late decays out of thermal
equilibrium to b quarks and anti-quarks.

• Since temperatures are low, a large fraction of these
b quarks will then hadronize into B mesons and anti-
mesons.

• The neutral mesons undergo CP violating oscillations.

• B mesons decay into into the dark sector via an e↵ec-
tive �B = 0 operator. This is achieved by assuming
DM carries baryon number. In this way total baryon
number is conserved.

• Dark matter is assumed to be stabilized under a dis-
crete Z2 symmetry, and proton and dinucleon decay
are simply forbidden by kinematics.

Our set up is illustrated in Figure 1, and the details of a
model that can generate such a process will be discussed
below. This paper is organized as follows: in Section II
we introduce a model that illustrates our mechanism for
Baryogenesis and DM generation, this is accompanied by
a discussion of the unique way in which this set-up re-
alizes the Sakharov conditions. Next, in Section III we
analyze the visible baryon asymmetry and DM produc-
tion in the early Universe, by solving a set of Boltzmann
equations, while remaining as agnostic as possible about
the details of the dark sector. Our main results will be
presented here. Next, in Section IV we discuss the var-
ious possible searches that could probe our model, and
elaborate upon the collider, direct detection, and cos-
mological considerations that constrain our model. In
Section V we outline the various possible dark sector dy-
namics. We conclude in Section VI.
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where in the last step we have assumed that the � field
does not completely dominate the Universe so that we
can use t ⇠ 1/(2H). When solving numerically for �
number density we found that even with an annihila-
tion cross section of h�vi = 10 mb, the decay rate over-
comes the annihilation rate for T & 100 MeV even for
�� = 10�21 GeV. Thus, for practical purposes it is safe
to ignore the e↵ect of annihilations in the Boltzmann
equation (16).

3. Dark Cross Sections

Here we list the dark sector cross sections to lowest
order in velocity v that result from the interaction (5):
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4. B meson decay operators

Here we categorize the lightest final states for all the
quark combinations that allow for B mesons to decay into
a visible baryon plus dark matter. Note that the mass
di↵erence between final an initial state will give an upper
bound on the dark Dirac baryon  . In MeV units, the
masses of the di↵erent hadrons read: mBd = 5279.63,
mBs = 5366.89, mB+ = 5279.32, m�0

c
= 2471.87,
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= 2468.96, mp = 938.27, mn = 939.56, m⇤ =
1115.68, m�+ = 1189.37, m�0 = 1314.86, m�c = 2695.2,
m⇤c = 2286.46 and m⇡� = 139.57. The corresponding
final state and mass di↵erences are summarized in Ta-
ble III.
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FIG. 1. Summary of our mechanism for generating the baryon asymmetry and DM relic abundance. b-quarks and anti-quarks
are produced during a late era in the history of the early Universe, namely TRH ⇠ O(10 MeV), and hadronize into charged and
neutral B-mesons. The neutral B0 and B̄0 mesons quickly undergo CPV oscillations before decaying out of thermal equilibrium
into visible baryons, dark sector scalar baryons � and dark Majorana fermions ⇠. Total Baryon number is conserved and the
dark sector therefore carries anti-baryon number. The mechanism requires of a positive leptonic asymmetry in B-meson decays
(Aq

``
), and the existence of a new decay of B-mesons into a baryon and missing energy. Both these observables are testable at

current and upcoming collider experiments.
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there is room for new physics to modify A

d, s

``
. We will

see that since generating the baryon asymmetry in our
set-up requires a positive charge asymmetry, there is a
region of parameter space where we can get enough CPV
from the SM prediction (which is positive) of A

s

``
alone

to get YB ⇠ 10�10 (provided A
d

``
= 0). However, gener-

ically the rest of our parameter space will assume new
physics. Note that there are many BSM models that al-
low for a substantial enlargement of the leptonic asymme-
tries of both B

0

d
and B

0
s

systems over the SM values (see
e.g. [15, 17] and references therein). Note that the flavor-
ful models invoked to explain the recent B-anomalies also
induce sizable mixing in the Bs system (see e.g. [18–21]).

We summarize the key components of our set-up which
will be further elaborated upon in the following sections:

• A heavy scalar particle � late decays out of thermal
equilibrium to b quarks and anti-quarks.

• Since temperatures are low, a large fraction of these
b quarks will then hadronize into B mesons and anti-
mesons.

• The neutral mesons undergo CP violating oscillations.

• B mesons decay into into the dark sector via an e↵ec-
tive �B = 0 operator. This is achieved by assuming
DM carries baryon number. In this way total baryon
number is conserved.

• Dark matter is assumed to be stabilized under a dis-
crete Z2 symmetry, and proton and dinucleon decay
are simply forbidden by kinematics.

Our set up is illustrated in Figure 1, and the details of a
model that can generate such a process will be discussed
below. This paper is organized as follows: in Section II
we introduce a model that illustrates our mechanism for
Baryogenesis and DM generation, this is accompanied by
a discussion of the unique way in which this set-up re-
alizes the Sakharov conditions. Next, in Section III we
analyze the visible baryon asymmetry and DM produc-
tion in the early Universe, by solving a set of Boltzmann
equations, while remaining as agnostic as possible about
the details of the dark sector. Our main results will be
presented here. Next, in Section IV we discuss the var-
ious possible searches that could probe our model, and
elaborate upon the collider, direct detection, and cos-
mological considerations that constrain our model. In
Section V we outline the various possible dark sector dy-
namics. We conclude in Section VI.

G. Elor, M. Escudero, A. Neslon [arXiv: 1810.00880 PRD]
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Parameter Description Range Benchmark Value Constraint

m� � mass 11 � 100 GeV 25 GeV -

�� � width 3 ⇥ 10�23 < ��/GeV < 5 ⇥ 10�21 10�22 GeV Decay between 3.5 MeV < T < 30 MeV

m Dirac fermion mediator 1.5 GeV < m < 4.2 GeV 3.3 GeV Lower limit from m > m� + m⇠

m⇠ Majorana DM 0.3 GeV < m⇠ < 2.7 GeV 1.0 and 1.8 GeV |m⇠ � m�| < mp � me

m� Scalar DM 1.2 GeV < m� < 2.7 GeV 1.5 and 1.3 GeV |m⇠ � m�| < mp � me, m� > 1.2 GeV

yd Yukawa for L = yd ̄�⇠ 0.3 <
p

4⇡

Br(B ! �⇠ + ..) Br of B ! ME + Baryon 2 ⇥ 10�4
� 0.1 10�3 < 0.1 [4]

As

`` Lepton Asymmetry Bd 5 ⇥ 10�6 < Ad

`` < 8 ⇥ 10�4 6 ⇥ 10�4 Ad

`` = �0.0021 ± 0.0017 [4]

As

`` Lepton Asymmetry Bs 10�5 < As

`` < 4 ⇥ 10�3 10�3 As

`` = �0.0006 ± 0.0028 [4]

h�vi� Annihilation Xsec for � (6 � 20) ⇥ 10�25 cm3/s 10�24 cm3/s Depends upon the channel [2]

h�vi⇠ Annihilation Xsec for ⇠ (6 � 20) ⇥ 10�25 cm3/s 10�24 cm3/s Depends upon the channel [2]

TABLE II. Parameters in the model, their explored range, benchmark values and a summary of constraints. Note that the
benchmark values for Aq

``
⇥ Br(Bq ! �⇠ + Baryon + X), for h�vi� and h�vi⇠, are fixed by the requirement of obtaining the

observed Baryon asymmetry (YB = 8.7 ⇥ 10�11) and the correct DM abundance (⌦DMh2 = 0.12), respectively.

Br(B0
q

! ⇠� + Baryon + X) – a measurable quantity at
experiments. In particular, A

q

``
is defined as:

A
q

``
=

�
�
B̄

0
q

! B
0
q

! f
�

� �
�
B

0
q

! B̄
0
q

! f̄
�

�
�
B̄0

q
! B0

q
! f

�
+ �

�
B0

q
! B̄0

q
! f̄

� , (17)

which is directly related to the CPV in oscillating neu-
tral B meson systems. Here f and f̄ are taken to be
final states that are accessible by the decay of b/b̄ only.
Note that as defined, Equation (17) corresponds to the
semi-leptonic asymmetry (denoted by A

q

SL
in the litera-

ture) in which the final state may be tagged. However,
at low temperatures and in the limit when decoherence
e↵ects are small, this is e↵ectively equivalent to the lep-
tonic charge asymmetry for which one integrates over all
times. Therefore, in the present work we will use the two
interchangeably.

Maintaining the coherence of B
0 oscillation is crucial

for generating the asymmetry; additional interactions
with the B mesons can act to “measure” the state of the
B meson and decohere the B

0
q

� B̄
0
q

oscillation [32, 33],
thereby diminishing the CPV and so too the generated
baryon asymmetry. B mesons, despite being spin-less
and charge-less particles, may have sizable interactions
with electrons and positrons due to the B’s charge dis-
tribution. Electron/positron scattering e

±
Bq ! e

±
Bq, if

faster than the B
0
q

oscillation, can spoil the coherence of
the system. We have explicitly found that this interac-
tion rate is 2 orders of magnitude lower than for a generic
baryon [29], but for temperatures above T ' 20 MeV
the process �(e±

B ! e
±

B) occurs at a much higher rate
than the B meson oscillation and therefore precludes the
CP violating oscillation. We refer the reader to Ap-
pendix 1 for the explicit calculation of the e

±
B ! e

±
B

scattering process in the early Universe.
Generically, decoherence will be insignificant if oscilla-

tions occur at a rate similar or faster then the B
0 me-

son interaction. By comparing the e
±

Bq ! e
±

Bq rate
with the oscillation length �mBq , we construct a step-

like function (we have explicitly checked that a Heaviside
function yields similar results) to model the loss of coher-
ence of the oscillation system in the thermal plasma:

f
q

deco
= e

��(e
±

B
0
q!e

±
B

0
q)/�mBq . (18)

We take �mBd = 3.337 ⇥ 10�13 GeV and �mBs =
1.169 ⇥ 10�11 GeV [4], and �

�
e
±

B
0
q

! e
±

B
0
q

�
=

10�11 GeV (T/20 MeV)5 (see Appendix 1 for details).

Even without numerically solving the Boltzmann equa-
tions, we can understand the need for additional interac-
tions in the dark sector h�vi⇠,�. From Equations (11)
and (13), we see that the DM abundance is sourced
by Br(B ! �⇠ + Baryon + X)); the greater the value
of this branching fraction, the more DM is generated.
From Equation (16), we see that the asymmetry also de-
pends on this parameter but weighted by a small number;
A

q

``
< 4⇥10�3. Therefore, generically a region of param-

eter space that produces the observed baryon asymmetry
will overproduce DM, and we require additional interac-
tions with the DM to deplete this symmetric component
and reproduce ⌦DMh

2 = 0.120.

B. Numerics and Parameters

We use Mathematica [37] to numerically integrate the
set of Boltzmann Equations (9), (10), (11), (13), and (16)
subject to the constraint Equation (8). To simplify the
numerics it is useful to use the temperature T as the evo-
lution variable instead of time. Conservation of energy
yields the following relation [38, 39]:

dT

dt
= �3H(⇢SM + pSM) � ��n�m�

d⇢SM/dT
, (19)

G. Elor
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Field Spin QEM Baryon no. Z2 Mass

� 0 0 0 +1 11 � 100 GeV

Y 0 �1/3 �2/3 +1 O(TeV)

 1/2 0 �1 +1 O(GeV)

⇠ 1/2 0 0 �1 O(GeV)

� 0 0 �1 �1 O(GeV)

TABLE I. Summary of the additional fields (both in the UV
and e↵ective theory), their charges and properties required in
our model.

The renormalizable couplings between  and Y allowed
by the symmetries include2:

L � � yub Y
⇤
ū b

c � y s Y  ̄ s
c + h.c . (2)

We take the mass of the colored scalar to be mY ⇠
O(TeV) and integrate out the field Y for energies less
than its mass, resulting in the following four fermion op-
erator in the e↵ective theory:

Heff =
yuby s

m
2

Y

u s b . (3)

Other flavor structures may also be present but for sim-
plicity we consider only the e↵ects of the above couplings
(see Appendix 4 for other possible operators). Assuming
 is su�ciently light, the operator of Equation (3) allows
the b̄-quark within Bq = |b̄ qi to decay; b̄ !  u s, or
equivalently Bq !  +Baryon+X, where X parametrizes
mesons or other additional SM particles. Critically, note
that O = u s b in Equation (3) is a �B = 1 operator,
so that the operator in Equation (3) is baryon number
conserving since  carries a baryon number �1.

In this way our model allows for the symmetric out of
thermal equilibrium production of B mesons and anti-
mesons in the early Universe, which subsequently un-
dergo CP violating oscillations i.e. the rate for B

0 ! B̄
0

will di↵er from that of B̄
0 ! B

0. After oscillating the
mesons and anti-mesons decay via Equation (3) gener-
ating an asymmetry in visible baryon/anti-baryon and
dark  / ̄ particles (the decays themselves do not intro-
duce additional sources of CPV), so that the total baryon
asymmetry of the Universe is zero.

2 We have suppressed fermion indices for simplicity as there is a
unique Lorentz and gauge invariant way to contract fields. In
particular, the sc and bc are SU(2) singlet right handed Weyl
fields. Under SU(3)c, the first term of Equation (2) is the fully
anti-symmetric combination of three 3̄ fields, which is gauge in-
variant. While the second term is a 3̄ ⇥ 3 = 1 singlet.

⇠

b̄

d

B
0

d

u

d

s

⇤

 

Y

�

FIG. 2. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon, through the interactions of Equation (2)
and Equation (4).

Since, no net baryon number is produced, this asym-
metry could be erased if the  particles decay back into
visible anti-baryons. Such decays may proceed via a
combination of the coupling in Equation (3) and weak
loop interactions, and are kinematically allowed since
m > 1.2 GeV to ensure the stability of neutron stars
[31]. To preserve the produced visible/dark baryon asym-
metry, the  particles should mainly decay into stable
DM particles. This is easily achieved by minimally in-
troducing a dark scalar baryon � with baryon number
�1, and a dark Majorana fermion ⇠. We further assume
a discrete Z2 symmetry under which the dark particles
transform as  !  , � ! �� and ⇠ ! �⇠. Then the
 decay can be mediated by a renormalizable Yukawa
operator:

L � �yd  ̄ � ⇠ , (4)

which is allowed by the symmetries of our model. And in
particular, the Z2 (in combination with kinematic con-
straints), will make the two dark particles, ⇠ and �, stable
DM candidates.

In this way an equal and opposite baryon asymmetry to
the visible sector is transferred to the dark sector, while
simultaneously generating an abundance of stable DM
particles. The fact that our mechanism proceeds through
an operator that conserves baryon number alleviates the
majority of current bounds that would otherwise be very
constraining (and would require less than elegant model
building tricks to evade). Furthermore, the decay of a B-
meson (both neutral and charged) into baryons, mesons
and missing energy would yield a distinctive signal of our
mechanism at B-factories and hadron colliders. An ex-
ample of a B meson decay process allowed by our model
is illustrated in Figure 2.

Note that, as in neutrino systems, neutral B meson
oscillations will only occur in a coherent system. Addi-
tional interactions with the mesons can act to “measure”

Standard Model 
baryon 

Qb = − 1

Qb = 0
dark matter

dark       
anti-baryon

Qb = 1

2

�

b

b̄

Out of equilibrium  
late time decay CP violating oscillations

B-mesons decay into 
Dark Matter and hadrons

B
0

d
B

0
sB

+

B
� B̄

0
sB̄

0

d

B

⇠

�

Dark Matter

Baryon

anti-Baryon

TRH ⇠ 20 MeV A
s

``A
d

``
BR(B ! �⇠ + Baryon + ...) ⌦DMh

2 = 0.12

YB = 8.7 ⇥ 10�11

16

And now we can clearly compare the decay and annihi-
lation rates:

�nB�B

�n
2

B
h�vi =

�2

B

�� h�vi n�(t)
(45)

where in the last step we have assumed that the � field
does not completely dominate the Universe so that we
can use t ⇠ 1/(2H). When solving numerically for �
number density we found that even with an annihila-
tion cross section of h�vi = 10 mb, the decay rate over-
comes the annihilation rate for T & 100 MeV even for
�� = 10�21 GeV. Thus, for practical purposes it is safe
to ignore the e↵ect of annihilations in the Boltzmann
equation (16).

3. Dark Cross Sections

Here we list the dark sector cross sections to lowest
order in velocity v that result from the interaction (5):

��?�!⇠⇠ =
y
4

d
(m⇠ + m )2 [(m� � m⇠) (m⇠ + m�)]

3/2

2⇡m
3

�

⇣
�m

2

⇠
+ m

2

 
+ m

2

�

⌘2
,

�⇠⇠!�?�|m�!0 =
v
2
y
4

d

48⇡
⇣
m

2

⇠
+ m

2

 

⌘4
⇥ (46)

⇥
2m

5

⇠
m + 5m

4

⇠
m

2

 
+ 8m

3

⇠
m

3

 

+9m
2

⇠
m

4

 
+ 6m⇠m

5

 
+ 3m

6

⇠
+ 3m

6

 

⇤

4. B meson decay operators

Here we categorize the lightest final states for all the
quark combinations that allow for B mesons to decay into
a visible baryon plus dark matter. Note that the mass
di↵erence between final an initial state will give an upper
bound on the dark Dirac baryon  . In MeV units, the
masses of the di↵erent hadrons read: mBd = 5279.63,
mBs = 5366.89, mB+ = 5279.32, m�0

c
= 2471.87,

m
�

+
c

= 2468.96, mp = 938.27, mn = 939.56, m⇤ =
1115.68, m�+ = 1189.37, m�0 = 1314.86, m�c = 2695.2,
m⇤c = 2286.46 and m⇡� = 139.57. The corresponding
final state and mass di↵erences are summarized in Ta-
ble III.
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FIG. 1. Summary of our mechanism for generating the baryon asymmetry and DM relic abundance. b-quarks and anti-quarks
are produced during a late era in the history of the early Universe, namely TRH ⇠ O(10 MeV), and hadronize into charged and
neutral B-mesons. The neutral B0 and B̄0 mesons quickly undergo CPV oscillations before decaying out of thermal equilibrium
into visible baryons, dark sector scalar baryons � and dark Majorana fermions ⇠. Total Baryon number is conserved and the
dark sector therefore carries anti-baryon number. The mechanism requires of a positive leptonic asymmetry in B-meson decays
(Aq

``
), and the existence of a new decay of B-mesons into a baryon and missing energy. Both these observables are testable at

current and upcoming collider experiments.

We will show that the CPV required for Baryogenesis is
directly related to an experimental observable in neutral
B meson decays – the leptonic charge asymmetry A

q

``
.

Schematically,

YB /
X

q=s,d

A
q

``
⇥ Br(B0

q
! � ⇠ + Baryon + X) , (1)

where we sum over contributions from both B
0
s

= |b̄ si
and B

0

d
= |b̄ di, and Br(B0

q
! �⇠ + Baryon + X) is the

branching fraction of a B meson into a baryon and DM
(plus additional mesons X). Note that a positive value of
A

q

``
will be required to generate the asymmetry. Given a

model, the charge asymmetry can be directly computed
from the parameters of the B

0
q

oscillation system (for in-
stance see [4, 15] for reviews), and as such it is directly
related to the CPV in the system. Meanwhile, A

q

``
is

experimentally extracted from a combination of various
analysis of LHCb and B-factories by examining the asym-
metry in various B

0
q

decays [4].

The SM predictions for A
d

``
and A

s

``
[15, 16] are re-

spectively a factor of 5 and 100 smaller than the cur-
rent constraints on the leptonic asymmetry. Therefore,
there is room for new physics to modify A

d, s

``
. We will

see that since generating the baryon asymmetry in our
set-up requires a positive charge asymmetry, there is a
region of parameter space where we can get enough CPV
from the SM prediction (which is positive) of A

s

``
alone

to get YB ⇠ 10�10 (provided A
d

``
= 0). However, gener-

ically the rest of our parameter space will assume new
physics. Note that there are many BSM models that al-
low for a substantial enlargement of the leptonic asymme-
tries of both B

0

d
and B

0
s

systems over the SM values (see
e.g. [15, 17] and references therein). Note that the flavor-
ful models invoked to explain the recent B-anomalies also
induce sizable mixing in the Bs system (see e.g. [18–21]).

We summarize the key components of our set-up which
will be further elaborated upon in the following sections:

• A heavy scalar particle � late decays out of thermal
equilibrium to b quarks and anti-quarks.

• Since temperatures are low, a large fraction of these
b quarks will then hadronize into B mesons and anti-
mesons.

• The neutral mesons undergo CP violating oscillations.

• B mesons decay into into the dark sector via an e↵ec-
tive �B = 0 operator. This is achieved by assuming
DM carries baryon number. In this way total baryon
number is conserved.

• Dark matter is assumed to be stabilized under a dis-
crete Z2 symmetry, and proton and dinucleon decay
are simply forbidden by kinematics.

Our set up is illustrated in Figure 1, and the details of a
model that can generate such a process will be discussed
below. This paper is organized as follows: in Section II
we introduce a model that illustrates our mechanism for
Baryogenesis and DM generation, this is accompanied by
a discussion of the unique way in which this set-up re-
alizes the Sakharov conditions. Next, in Section III we
analyze the visible baryon asymmetry and DM produc-
tion in the early Universe, by solving a set of Boltzmann
equations, while remaining as agnostic as possible about
the details of the dark sector. Our main results will be
presented here. Next, in Section IV we discuss the var-
ious possible searches that could probe our model, and
elaborate upon the collider, direct detection, and cos-
mological considerations that constrain our model. In
Section V we outline the various possible dark sector dy-
namics. We conclude in Section VI.
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Operator/Decay Initial State Final state �M (MeV) m� Bench (GeV) Current constraint on Br Irre-Background for Br

Bd  + n (udd) 4340.07

3.3 < 8.7%

⇠ 10�5

O =  b u d Bs  + ⇤ (uds) 4251.21 ⇠ 10�5

b̄ !  u d B+  + p (duu) 4341.05 0

⇤b  ̄ + ⇡0 5484.5 ⇠ 10�5

Bd  + ⇤ (usd) 4163.95

3.3 < 4.8%

⇠ 10�5

O =  b u s Bs  + ⌅0 (uss) 4025.03 ⇠ 10�5

b̄ !  u s B+  + ⌃+ (uus) 4089.95 0

⇤b  ̄ + K0 5121.9 ⇠ 10�5

Bd  + ⇤c + ⇡� (cdd) 2853.60

2.5 < 4.2%

⇠ (2�5)⇥10�4

O =  b c d Bs  + ⌅0
c (cds) 2895.02 ⇠ (2�5)⇥10�4

b̄ !  c d B+  + ⇤c (dcu) 2992.86 0

⇤b  ̄ + D
0

3754.7 ⇠ (2�5)⇥10�4

Bd  + ⌅0
c (csd) 2807.76

2.5 < 1.7%

⇠ (5�10)⇥10�3

O =  b c s Bs  + ⌦c (css) 2671.69 ⇠ (5�10)⇥10�3

b̄ !  c s B+  + ⌅+
c (csu) 2810.36 0

⇤b  ̄ + D� + K+ 3256.2 ⇠ (5�10)⇥10�3

TABLE I. [ME: Still need to improve the table a lot]. Maybe add another column with info about Y constraints? Because
some may be easier to constrain indirectly. Likely the first two.

3. Summary

We have examined the reach of B-factories for B me-
son decays into a visible baryon, missing energy and any
number of mesons in the final state. Given the current
luminosity accumulated at B-factories and that the ini-
tial momentum of the decay is known, B-factories have
in principle a sensitivity of ⇠ 10�6 � 10�5 to Br(B !
 + Baryon + X). We find, a priori, a limiting factor
to these searches which arises from slow neutrons and
anti-neutrons that may be missed in the electromagnetic
calorimeter and may fake a missing energy signal. Given
our analysis, and assuming all the neutrons and anti-
neutrons are missed, an actual sensitivity of:

Br(B+ !  p + X) �
�b̄! ud

�b
⇠ 10�5 , (15a)

Br(B+ !  ⇤ + X) �
�b̄! us

�b
⇠ 10�5 , (15b)

Br(B+ !  ⌅+

c + X) �
�b̄! cd

�b
⇠(2�5)⇥10�4 , (15c)

Br(B+ !  ⇤c + X) �
�b̄! cs

�b
⇠(5�10)⇥10�3 ,

(15d)

[ME: I need to think more about the last two]
[ME: Add table with: The di↵erent decay

modes, current constraints, a benchmark for m ,
and possible irreducible backgrounds. ]

C. Possibilities for the LHC

[GE: Check in on the status of the new CMS trigger]
[GA: Perhaps discuss what Zoltan mentioned in

his email:
Oh, and I do not know if I told you (I think I

may have told Ann) that late 2018 I talked to a
friend on LHCb about these decays. He pointed
out to me that on LHCb such a 2-body B de-
cay, with only one of the particles visible, would
be almost impossible to identify. However, if you
put the same partonic process in Lambda b de-
cay, then you can get a three-body decay (meson
+ meson + MET), and so having a displaced ver-
tex from the 2 reconstructed mesons may help
enough to beat down backgrounds. I thought
they were working on it a year ago, but I can-
not recall any limits becoming public since then.
Of course, the hadronic matrix element is only a
harder calculation in this case, but if a signal is
seen, then that would motivate major e↵orts in
that direction. I’ll let you know if I hear anything
back about the experimental status.]

D. Exclusive vs. inclusive decays

While the baryogenesis mechanism ultimately only
cares about the inclusive B !  + Baryon + X branch-
ing ratio, the experimental searches discussed above are
best suited to test exclusive final states. In fact, the
presence of additional hadronic states accompanying the
final-state baryon can significantly modify the expected
sensitivities estimated in (??). It is therefore crucial to
estimate the relative size of the exclusive modes that con-

Searches underway by Belle, Belle-II, BaBar!

G. Elor
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FIG. 2. Contour lines for the minimum Br(B !  +baryon+
X) required for Baryogenesis and Dark Matter generation as a
function of the semileptonic asymmetries in B meson decays.
The di↵erent colors represent di↵erent assumptions regarding
the cosmological dynamics as indicated in the labels (see text
for more details). The ocher contour highlights the SM pre-
diction for the semileptonic asymmetries [? ], while the light
and dark grey contours represent the regions preferred by di-
rect measurements of Ad,s

`` [? ] and a global fit to CPV data in
the neutral B meson systems [? ]. All contours are shown at
95% CL. This figure showcases that, given current CPV mea-
surements, a branching ratio Br(B !  +baryon+X) & 10�3

is required for successful Baryogenesis.

them are mediated by the triplet scalar Y , which can be
integrated out to obtain the following e↵ective 4-fermion
operators:

Lb!ūd̄ ̄ =
1

m2

Y

✏↵��
h
y⇤uby

⇤
 d

⇣
b↵Ru

�
R

⌘⇣
d�R R

⌘
(16)

+ y⇤udy
⇤
 b

⇣
d↵Ru

�
R

⌘⇣
b�R R

⌘i
,

Lb!uū0d =
1

2

1

m2

Y

y⇤u0byud

h⇣
ū↵R�

µb�R

⌘⇣
d̄�R�µu

0↵
R

⌘
(17)

�
⇣
ū↵R�

µb↵R

⌘⇣
d̄�R�µu

0�
R

⌘i
,

Lb!  ̄d = �1

2

1

m2

Y

y⇤ by d

⇣
 ̄R�

µb↵R

⌘⇣
d̄↵R�µ R

⌘
. (18)

Here, ↵, � and � are color indices and u(0) and d represent
any up- or down-type quark such that the corresponding
decay is kinematically allowed. We have performed Fierz
rearrangements [? ] to bring the operators into the above
form.

The first decay channel (??) is the one responsible for
baryogenesis and is studied in detail in section ??. The
remaining two are not strictly required for the baryoge-
nesis mechanism, but appear if we consider a generic fla-
vor structure for the couplings of the color-triplet scalar
Y . While the second one (??) is the “right-handed ver-
sion” of the one that in the Standard Model is induced
by flavor-changing charged current, the third one (??)

constitutes a novel decay channel for the b quark.
Decays of neutral B0

d,s mesons that are triggered
by (??) or (??) can produce final states that are common
to meson and antimeson. As a consequence, these tree-
level b decays contribute to the width di↵erence ��d,s

of B0 � B̄0, along with other parameters of the mixing
systems. In particular, a decay of the form b !   ̄s (or
b !   ̄d), which involves invisible dark sector states,
could significantly modify �� and �s/d without impact-
ing other observables. As interesting as this may be, the
matching of the operators (??)-(??) to observables of the
B0 mesons system involve hadronic calculations that are
out of the scope of this paper.

We therefore restrict our study to the particular de-
cay b ! cc̄s, as a complete model-independent analysis
of potential new physics contributions to this channel is
available in [? ]. In the notation of [? ], our opera-
tors (??) can be mapped to Qc0

1
and Qc0

2
. The strongest

constraints are found to be due to the loop-level contri-
butions to the semileptonic decays of B mesons (more
specifically, to the operator Q0

9V as described in [? ]).
From the bounds on the Wilson coe�cients displayed in
Figure 3 of [? ], we can obtain the 1� limit

|ycby⇤cs|
g2

. 0.25
⇣ mY

1 TeV

⌘2

, (19)

where g is the weak coupling constant evaluated at mW .

V. TRIPLET COLORED SCALAR

We shall consider the following Lagrangian:

L = �
X

u, d

yudY
?ūRd

c
R �

X

d

y dY  ̄d
c
R + h.c. , (20)

where the sum is performed over all up and down quarks
and we are working in the quark mass basis. Given this
Lagrangian, and for MY � mq, m the partial decay
rates are

�(Y ! ūd̄) = 2
y2ud

16⇡
MY , �(Y !  d) =

y2 d

16⇡
MY (21)

TO DO in this section:
1) Calculate what is the increase of pp ! Y Y ? from

having a diquark coupling. Try to rescale in that manner
the searches for squarks.

2) Explore the implications of the bounds shown in ??.
Namely, what does that imply for y d.

3)

A. Minimal Requirements

Mention what one needs to get the BR that we want.
Miguel and Gonzalo.

G. Alonso-Alvarez, G. Elor, M. Escudero [preliminary]

G. Elor



Other Signals of Baryogengesis

• Apparent L violation in pion decays [G.Elor, R. McGehee, [to appear]] 

• Neutron-Antneutron oscillations can be excellent probes of various viable 
baryogengesis mechanisms [C. Grojean, B. Shakya, J. Wells, Z. Zhang [arXiv:1806.00011]] 

• Long lived decays at colliders [G. Alonso-Alvarez, G.Elor, A. Neslon, H. Xiao 
[arXiv:1907.10612 JHEP]], [K. Aitken, D. McKeen, A. Nelson, T. Neder [arXiv:1708.01259 PRD]] 

• ….

G. Elor



Goals and Timeline of a White Paper

• Physics Goals: Summary of the existing mechanisms of baryogengesis with 
an emphasis on possible experimental efforts for testability. 

• Community Goal: Stronger and larger baryogenesis community in the United 
States. Continue to bring theorists and experimentalists together.  

• Timeline: Recruiting contributors by December, and publishing a white paper 
in May.
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Thank you

Goals and Timeline of a White Paper

G. Elor

• Physics Goals: Summary of the existing mechanisms of baryogengesis with 
an emphasis on possible experimental efforts for testability. 

• Community Goal: Stronger and larger baryogenesis community in the United 
States. Continue to bring theorists and experimentalists together.  

• Timeline: Recruiting contributors by December, and publishing a white paper 
in May.


